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Abstract  
A pressure dependent cookoff model for PBX 9501 was developed by Hobbs’ et al.  [1]. This 
cookoff model was implemented in the finite element (FE) heat transfer code Aria [2] and was 
used to simulate a set of cookoff experiments. This set is called the Large Scale Annular Cookoff 
(LSAC) experiments [3]. Three dimensional and axisymmetric heat conduction FE models were 
implemented to simulate these experiments. The predictive ability of the PBX 9501 pressure 
dependent cookoff model was evaluated using Latin Hypercube sampling (LHS). Predictions of 
the thermal times to ignition and temperatures are compared with the experiments. 
Keywords: Ignition kinetics, Thermal runaway, Non-linear heat conduction, Energetic materials. 

Description of the LSAC Experiments   
    The LSAC experiments [3] consist of PBX 9501 annular cylinders confined by two copper 
liners. Figure 1 shows a sketch for this apparatus. The outer surface of the outer liner is heated 
using electric heaters (see Fig. 2) that produce prescribed temperature ramps until soak 
temperatures (ST) are reached. The last ST is kept constant until thermal ignition occurs. 
Thermocouples are used to measure external temperatures on the inner liner, outer liner, and end 
caps. Also, internal temperatures are measured at the mid-plane where two PBX 9501 cylindrical 
halves meet. Figure 3 shows a photo of the internal thermocouples installed at the midplane. A 
diagram for the location of the midplane and boundary thermocouples is given in Figure 4. 
Thermocouples 1 to 6 (shown in Fig. 4 in blue) were used to define the boundary condition 
temperatures on the outer liner and thermocouples 7 to 12 (shown in Fig. 4 in blue) were used to 
define the boundary condition temperatures on the inner liner. Thermocouples 1 to 18 (shown in 
Fig. 4 in red) represent the internal temperature measurements at the midplane. There were 8 LSAC 

 
                                             Figure 1. Schematic of LSAC [3] assembly   
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                                   Figure 2. Electric heaters on outer liner for LSAC [3]. 

 
                      Figure 3. Thermocouples installed at the midplane were the two PBX 
                      9501 cylindrical halves meet.  
 

 
 

                   Figure 4. Schematic for midplane and boundary thermocouples location 
                   for LSAC shots 5, 6, 7, and 8.  
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                   Figure 5. Schematic for midplane and boundary thermocouples locations 
                   for LSAC shot 1. No end caps thermocouples were used for this shot. 
 

 

 
                   Figure 6. Schematic for midplane and boundary thermocouples locations 
                   representative of LSAC shots 2 and 3. No end caps thermocouples were  
                   used for this shot. 
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shots. The internal and external thermocouples installed for shot 1 are shown in Fig. 5. Note from 
Fig. 5 that only two external thermocouple locations were planned to define boundary conditions 
on the inner and outer liners. Also, shot 1 only had 9 internal thermocouples installed on the PBX 
9501 midplane. Figure 6 shows a schematic that applies for the thermocouples installed in shots 2 
and 3. Note from Fig. 6 that external temperatures were measured only at one or two locations on 
the inner and outer liners. Figure 6 also shows that eighteen internal thermocouples were installed 
at the midplane for shots 2 and 3. No end caps thermocouples were installed for shots 1 to 4. End 
caps thermocouples were installed for shot 5 to 8. Also, shots 5 to 8 had the largest number of 
external thermocouples. Six thermocouples on the outer liner and six thermocouples on the inner 
liner (Fig. 4). These twelve external thermocouples permitted a more accurate definition of the 
boundary conditions for shots 5 to 8.  

Shot 4 was preheated for a period of 6480 s. The actual cookoff experiment was started after 
this preheating period. For this reason, the initial temperatures in the metal and PBX 9501 parts 
were nonuniform ranging from 75 °C to 82 °C. This variability introduces significant uncertainty 
in the initial conditions that could be used to model this experiment. In addition, the external 
temperatures on the outer and inner liner were measured at one circumferential location only. Since 
the external temperatures were nonuniform after the preheating phase, and these temperatures were 
measured at only two locations, this lack of boundary temperature information introduces 
significant uncertainty in the boundary conditions that could be used to model this experiment. For 
these reasons, shot 4 was not modeled in this study.   
 Figure 7 shows the thermocouple readings that were used to define the boundary conditions 
for the simulation of shot 7. Note that there is significant variation for one of the outer liner 
thermocouples in Fig. 7. This is due to the heater effects. User subroutines were written to apply 
the boundary conditions on the inner and outer liners as functions of the circumferential angle.   

 
                               Figure 7. Measured boundary conditions for LSAC shot 7 [3]. 
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 The time to thermal ignition is the primary variable used for these comparisons. Table 1 shows 
the experimental times to thermal ignition for the simulated LSAC tests.                                                                   
                                                  Table 1. Thermal ignition times for  
                                                  7 LSAC cook-off experiments.  

Experiment  Experimental 
Time to Ignition, s 

shot 1 25081 
shot 2  45535 
shot 3 37689 
shot 5 26205 
shot 6 20515 
shot 7 27090 
shot 8 29865 

                                          
The Hobbs’ et al. PBX 9501 Cookoff Model  
 This section gives a brief description of the thermal ignition model for PBX 9501. Details of 
this model have been presented in the literature [1] and is described briefly in the current work. 
PBX 9501 is composed of HMX and a reactive binder. The HMX decomposition mechanism is a 
simplification of the mechanism proposed by Behrens and Maharrey [4], wherein the HMX is 
assumed to react in the gas, solid, and molten phases. The binder is also assumed to decompose 
similarly to the HMX. Interaction between the explosive and binder occurs through the 
nitroplasticizer, which decomposes into reaction NOx products, assumed to be NO2. 

The decomposition mechanism is presented in Table 2. Adsorbed gases are assumed to be 
moisture that evolve in a first order, diffusion limited reaction (See Eq. 2).  Diffusion is implanted 
by the form of the rate equation given in Eq. (7), which uses a distributed activation energy. For 
this reaction, the distribution parameter (s1/R, see Table 4) is positive, which implies that the 
activation energy increases with the extent of reaction, which mimics diffusion resistance. 
Conversely, the distribution parameters for the remaining reactions (s2/R, s3/R, s4/R, s5/R) are 
negative, which causes the activation energy to drop as the reactions proceed, similar to an 
autocatalytic reaction. 

The model uses molar concentrations in the reaction rates. Also, interaction occurs between 
the binder and explosives via formation of NO2 (oxidizer) and reaction of the NO2 with the fuels 
(Estane® and HMX). The reaction of Estane® with NO2   forms equilibrium products. Likewise, 
the HMX reactions are assumed to form final equilibrium products at typical cookoff conditions. 

The cookoff model is sensitive to pressure. The auxiliary equations show how pressure is 
calculated using the BKW equation-of-state (EOS) [5]. However, in our analysis, the pressures are 
low enough that the ideal gas equation-of-state (EOS) is sufficient with the compressibility (z) 
being equal to one. Pressure is implemented into the model using a pressure rate multiplier (P/Po)n. 
The model is sensitive to the pressure. When the experiments are vented, the pressure exponents 
(ni) are set to zero.  

Determination of the pressure is often difficult, especially when the PBX 9501 is near the 
theoretical maximum density (TMD). At these high densities, the gas volume fraction (Eq. 19) is 
small, and the permeability is low. In fact, we expect the pores to be closed when the density 
approaches TMD. Thus, at high densities, it is difficult to determine the pressure. If the porosity 
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is open, then the gases can escape, and the pressure used in the reaction rates are lower than if the 
porosity is closed. This model bounds most cookoff data by using both the vented option (ni set to 
zero) and sealed option (ni as given in Table 4). The challenge is to determine, what the pressure 
is, which could be a function of the thermal damage in the form of porosity and permeability. Table 
2 presents the PBX 9501 decomposition model. 

 

TABLE 2. PBX 9501 ignition modela 

Energy 
conservation 𝛻 ∙ (k 𝛻𝑇) +' r! 	hri	

5

i#1

M𝑤,𝑖 =	𝜌$Cb 	
𝜕𝑇
𝜕t  (1) 

Mechanism 
 

(2) 

  (3) 

  (4) 

  (5) 

  (6) 

 r%= A% exp ,
−E% + ξ	σ%

RT . [H2O]      (7) 

 r&=	z	 A& exp ,
−E& + ξ	σ&

RT . [BDNPA/F]  (8) 

 
r'=	z	 A' ,

P
P0
.
n!

Tm! exp ,
−E' + ξ σ'

RT . [Estane][NO&] 
 (9) 

 
r(=	z	 A( ,

P
P0
.
n"

Tm" exp ,
−E( + ξ σ(

RT . [HMX][NO&] 
 (10) 

 
r)=	z	 A) ,

P
P0
.
n#

Tm# exp ,
−E) + ξ σ)

RT . [HMX] 
 (11) 

Species 
conservation  

 

 

(12) 

H2Oa
1⎯→⎯ H2Og

BDNPA/F 2⎯→⎯ NVR + 4NO2

Estane + NO2
3⎯→⎯ 7.1 GasE + 8.1 Carbon

HMX+ NO2
4⎯ →⎯ 11.5 Gasx1 +Carbon

HMX 5⎯→⎯ 10 Gasx2 +1.6 Carbon

d H2Oa[ ]
dt = −r1;  d H2Og⎡⎣ ⎤⎦

dt = r1;  d BDNPA/F[ ]
dt = −r2;  d NVR[ ]

dt = r2;  d NO2[ ]
dt = 4r2 − r3 − r4

d Estane[ ]
dt = −r3;  d GasE[ ]

dt = 7.1r3;  d Carbon[ ]
dt = 8.1r3 + r4 +1.6r5

d HMX[ ]
dt = −r4 − r5;  d GasX1[ ]

dt = 11.5r4;  d GasX2[ ]
dt = 10r5
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Distribution 
parameter,b x  

 

(13) 

aNomenclature and model parameters are given in Table 4. 

bx = norminv(Pi), where “norminv” is the inverse of the standard normal cumulative 
distribution function that has a mean of 0 and a standard deviation of 1. 

 

 

TABLE 3. Auxiliary equations used to calculate the thermodynamic pressurea 

Pressure 
 

(14) 

Compressibility 
 

(15) 

Gas moles 𝑛 = 	234H2Og5 + [NO2] + [GasE] + [Gasx1] + [Gasx2]8
V

dV (16) 

Ave. gas 
temperature 

 

(17) 

Gas volume 
 

(18) 

Gas volume 
fraction  

(19) 

Reacted solid 
fraction 

Sf =
"H2Og#MwH2Oa + [BDNPA/F]MwBDNPA/F + [NVR]MwNVR + [Estane]MwEstane + [Carbon]MwCarbon + [HMX]MwHMX

𝜌),+
 (20) 

Condensed 
density  

 

(21) 

aNomenclature and model parameters are given in Table 3. 

     

P1 =
H2O[ ]

ωH2Oaρb ,o /MwH2Oa
;  P2 =

BDNPA/F[ ]
ωBDNPA/Fρb ,o /MwBDNPA/F

;  P2 =
Estane[ ]

ωEstaneρb ,o /MwEstane

P4 = P5 =
HMX[ ]

ωHMXρb ,o /MwHMX

P = znRTave
Vg

z = 1+ X exp(βX), where X = nk xiki∑
vg Tave+θ( )α

Tave =
ρCT dV

V
∫
ρCdV

V
∫

Vg = φ dV
V
∫

φ = 1− S f ρc ,o (1−φo )
ρc

ρc = ρc,o 1− 0.000131 T −To( )⎡⎣ ⎤⎦, when T ≤ Tβ  to δ

ρc = ρc,o 1− 0.000131 T −To( )⎡⎣ ⎤⎦ − 0.067{ }, when T > Tβ  to δ
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TABLE 4. Nomenclature and model parameters 

Symbols Description Value Units 

Ln(A1), Ln(A2), Ln(A3), Ln(A4), 
Ln(A5) 

Natural 
logarithm of 
the pre-
exponential 
factors 

35, 35, 35, 35 Ln(s-1K-n) 

a BKW constant 0.5 K-1 
b BKW constant 0.298 none 

bV 

Thermal 
expansion 
coefficient 

0.000131 (m3/m3)K-1 

[BDNPA/F] NP 
concentration 

Initially 
wBDNPA/F×rbo/Mw,BDNPA/F kgmol/m3 

C Specific Heat 

below 250 K: 919 
above 700 K: 2406 
250 to 700 K:  
92.93+3.305×T,K 

Jkg-1K-1 

Ceff, b to d  

Effective 
capacitance for 
b to d phase 
change using 
hlatent, b-d 

441 K: 1550 
444 K:  12560 
447 K: 1570 

Jkg-1K-1 

Ceff, HMX melt 

Effective 
capacitance for 
HMX melting 
phase change 
using  
hlatent, melt 

527 K: 1835 
530 K:  80511 
533 K: 1854 

Jkg-1K-1 

CE 
Carbon from 
Estaneâ 
oxidation 

Symbol used in mechanism none 

Cx1 Carbon from 
HMX oxidation Symbol used mechanism none 

Cx2 
Carbon from 
HMX 
decomposition 

Symbol used mechanism none 

Cb Bulk specific 
heat See "C" above Jkg-1K-1 

[Carbon] 

Carbon 
concentration 
from all 
reactions 

Initially 0 kgmol/m3 
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E1/R, E2/R, E3/R, E4/R, E5/R 
Activation 
energies 
divided by R 

25500, 20400, 14350, 
13600, 14625 K 

[Estane] Estane 
concentration Initially wEstane×rbo/Mw,Estane kgmol/m3 

f 
Gas volume 
fraction Field variable m3/m3 

fo 
Initial gas 
volume fraction 1-rbo/rco m3/m3 

[GasE] 
Gas conc. from 
Estaneâ 
oxidation 

Initially 0 kgmol/m3 

[Gasx1] Gas conc. from 
HMX oxidation Initially 0 kgmol/m3 

[Gasx2] 
Gas conc. from 
HMX 
decomposition 

Initially 0 kgmol/m3 

[H2Oa] Adsorbed water 
concentration Initially wH2Oa×rbo/Mw,H2Oa kgmol/m3 

[H2Og] Desorbed water 
concentration Initially 0 kgmol/m3 

hf,i where i= H2Oa, H2Og, 
BDNPA/F, NVR, NO2, Estane, GE, 
Carbon, HMX, GX1, GX2 

Heat of 
formation of 
species 

-285.8×106, -241.8×106, -
619.2×106,  
-1400×106, 34.2×106, -
773×106,  
-195.7×106, 0×106, 75×106,  
-186.8×106,-175.1×106 

Jkgmol-1 

hlatent,b-d 
Latent enthalpy 
for b-d phase 
change 

33000 J kg-1 

hlatent,m Latent enthalpy 
for HMX melt 236000 J kg-1 

i ith reaction 1, 2, 3, 4, 5 none 

k BKW constant 10.5×10-3 Å-3m3kgmol-

1Ka 

Sxiki 

Average BKW 
covolume 
factor. The 
covolume is the 
volume swept 
out by the 
molecule 
rotating about 
its center of 
mass. The 
covolume 

447 
 

 

 

 
 

Å-3 
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factor is the 
covolume 
multiplied by 
9.43. 

k 

b-HMX 
thermal 
conductivity is 
only a function 
of density. k 
changes 
linearly 
between b and 
d phase 
between 441 K 
and 447 K. 

860 kg/m3:   0.12 
1582 kg/m3: 0.25 
1778 kg/m3: 0.33 
Linear interpolation 
between densities 

Wm-1K-1 

k 

d-HMX 
thermal 
conductivity is 
only a function 
of density. k 
changes 
linearly 
between b and 
d phase 
between 441 K 
and 447 K. 

860 kg/m3:   0.10 
1582 kg/m3: 0.19 
1778 kg/m3: 0.21 
Linear interpolation 
between densities 

Wm-1K-1 

m1, m2, m3, m4, m5 Steric factor for 
reactions 1 to 5 0, 0, -2, -2, -2 K-1 

Mw,i , where i= H2Oa, H2Og, 
BDNPA/F, NVR, NO2, Estane, GE, 
Carbon, HMX, GX1, GX2 

Molecular 
weight of 
species 

18, 18, 319, 135, 46, 312, 
20.4, 12, 296.2, 28.7, 27.6 kg/kgmol 

n Moles of gas Field variable (Eqn. 16) kgmol 

n1, n2, n3, n4, n5 
Pressure 
exponent for 
reactions 1-5 

0, 0, 1, 2, 0.2 none 

[NO2] Nitric dioxide 
concentration Initially 0 kgmol/m3 

norminv 

Inverse of the 
standard 
normal 
distribution 

function none 

[NVR] 
Non-volatile-
residue 
concentration 

Initially 0 kgmol/m3 

P Pressure Initially 0 MPa (psig) 
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Pi (where i = 1, 5) 
Progress of 
reaction 1 and 
5 

Field variable (Eqn. 13) kgmol/kgmol 

Po Initial pressure 0.08 (12.1) SITI, 0.1 (14.7) 
ODTX MPa (psia) 

q BKW constant 6620 K 
r Bulk density Field variable kgm-3 

rb,o 
Initial bulk 
density 

SITI molding powder: 856 
SITI lightly pressed: 1582 
SITI fully pressed: 1779  
ODTX: 1787 
STEX: 1847 
NAWC-Pipe: 1825 
CSAFE-pipe: 1840 
LASC: 1840 
U-sphere: 1840 

kgm-3 

rc 
Condensed 
density Field variable (Eqn. 21) kgm-3 

rc,o 
Initial 
condensed 
density (TMD) 

1860 kgm-3 

R Gas constant 0.08206 m3atm 
kgmol-1 K-1 

R Gas constant 8314 J kgmol-1K-1 

s1/R, s2/R, s3/R, s4/R, s5/R 
Distribution 
parameters 
divided by R 

2500, -200, -500, -2000, -
1000 K 

Sf Reacted solid 
fraction Field variable kg/kg 

T Temperature Field variable K 

Tave Average gas 
temperature Global variables K 

Tb-d 
b to d phase 
change 
temperature 

444 (normal distribution 
over 441-447) K 

Tmelt 
HMX melting 
temperature 

530 (normal distribution 
over 527-533) K 

To Initial 
temperature Average SITI is 294.8 K K 

Vg Gas volume Global variable from Eqn. 
18 m3 
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VEM 
Volume of the 
energetic 
material 

SITI molding powder: 
15.82×10-6 
SITI pressed pellets: 
12.87×10-6 
ODTX: 1.073×10-6 
STEX: 412.0×10-6 
NAWC-pipe: 19.71×10-6 
CSAFE-pipe: 772.2×10-6 
LASC: 1380×10-6 
U-sphere: 231.7×10-6 

m3 

wBDNPA/F Mass fraction 
of NP 

No migration: 0.025 
Correlation for migration:  
(1.63-0.00073×rbo)×0.025 

kg/kg 

wEstane 
Mass fraction 
of Estaneâ 

No migration: 0.025 
Correlation for migration:  
(1.63-0.00073×rbo)×0.025 

kg/kg 

wH2Oa 
Mass fraction 
of adsorbed 
water 

Initially 0.005 kg/kg 

wHMX Mass fraction 
of HMX Initially 0.95-wH2Oa kg/kg 

X Part of BKW 
equation Defined in Eqn. 15 none 

xi, where i = N2, H2O, CO2, CH4 
Gas mole 
fractions for 
HMX reaction 

0.4, 0.36, 0.22, 0.02 mole/mole 

x norminv  Field variable none 

xi 
norminv for ith 
reaction Field variable none 

z 
Melt rate 
acceleration 
factor 

1+0.5*(1+tanh(T-
530))*100 none 

z Compressibility Global variables (Eqn. 15) none 
 

 The cookoff model defined in Tables 2, 3, and 4 was implemented in Aria [2]. This 
implementation used FE integration points-based Encore [7] function calls to calculate pressure 
using the auxiliary equations defined in Table 3. The chemistry equations were solved using 
CHEMEQ [2] and the available Ordinary Differential Equations (ODE) solvers in Aria. The mesh 
of the LSAC experiments was constructed using Cubit [7]. An axisymmetric mesh was 
implemented for shots 1 to 3. A three-dimensional mesh was constructed for shots 5 and 6, and an 
additional three-dimensional mesh was constructed for shots 7 and 8. The LSAC shots 1 to 6 
contained a PBX 9501 annulus with a length of 4 in, an inner radius of 1.75 in, and an outer radius 
of 3.125 in. Also, shots 7 and 8 contained a PBX 9501 annulus with a length of 8 in, an inner radius 
of 4 in, and an outer radius of 5.375 in.   
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Latin Hypercube Sampling Using the LSAC Experiments 
 Three dimensional and axisymmetric FE models of the PBX 9501 in the LSAC experiements 
were used with the LHS technique to estimate the uncertainty of the predicted temperatures and 
times to thermal ignition. McKay et al. [8] developed the LHS which is a smart sampling 
technique similar to a Monte Carlo uncertainty analysis and it is used to propagate 
uncertainty into the predicted results. The LHS samples used by the model were generated 
using a sensitivity analysis software called DAKOTA [9]. The linear standard correlation 
coefficient (Pearson’s correlation coefficient) was used to calculate the correlation strength 
or sensitivity of the thermal ignition time for each of the uncertain input parameters.  
Pearson’s  correlation  coefficient is defined by Eq. (22) where  is the mean or the 
average of the computed ignition times for the n LHS samples, is the mean of the LHS 
inputs for the uncertain variable y,  is the standard deviation of the calculated ignition 
times, and is the standard deviation of the LHS inputs for the uncertain variable y.  Table    

                                                                                              (22) 

6 shows the uncertainty multipliers used for this LHS sampling study. Twenty ignition 
kinetics parameters were considered for this LHS study. All the uncertainty values were 
assumed to be uniformly distributed over the given range. Figure 20 of reference [1] shows 
that the binder migration in fully pressed PBX 9501 has a significant influence on the 
thermal ignition time and temperatures. The binder migration correlation given in Table 4 
accounts for this migration. Previous simulations of the LSAC experiments [10] were 
carried out using the SITI binder migration correlation: (1.63-0.00073×rbo)×0.025. This 
correlation is likely to be good for geometries similar to SITI. Since the geometries of the 
LSAC (concentric cylinders) and the SITI (1” diameter by 1” tall cylinders) experiments 
are different, the binder migration is different. For this reason, the uncertainty ranges for

 and   were calculated as functions of the initial bulk density, rbo, in the 
binder migration correlation equation: (1.63-0.00073×rbo)×0.025. The initial bulk density , rbo, 
in this equation was varied using an uncertainty multiplier of 1±0.05. 
 The first LHS sampling study was done on the LSAC shot 1. Table 7 shows the results 
that include the Pearson’s correlation coefficient for the ignition time. The uncertainty in 
the initial mass fraction of the BDNPA/F had the highest correlation with a value of 0.914. 
This correlation is positive, which implies that the ignition time increases when the 
uncertainty multiplyer of the initial bulk density in the SITI binder correlation equation 
increases. Since the uncertainty range for the initial mass fraction of BDNPA/F is being 
considered as a function of the form: (1.63-0.00073×rbo)×0.025 where the uncertainty random 
multiplyer multiplied rbo, when the initial mass fraction of the BDNPA/N increases, the time to 
thermal ignition decreases because the SITI binder migration correlation produces an initial 
BDNPA/N mass fraction that decreses monotonically with an increasing initial bulk density. 
Figure 8  plots  the ignition time against the intial BDNPA/N mass fraction produced by the LHS.  
                 

µt
µ y

σt
σy

r =

1
n−1

ti − µt( ) yi − µ y( )
i=1

n

∑
σt ×σy

UωBDNPA/F UωEstane
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                 Table 6. Uncertainty multypliers for 20 ignition kinetics parameters. 

Symbol Name Uncertainty Multyplier 
 Volumetric expansion 1±0.03 
 Bulk Specific Heat 1±0.05 

 Latent Enthalpy ( ) 1±0.05 
 Latent Enthalpy (HMX melt) 1±0.05 

 High temperature conductivity 1±0.05 
 Low temperature conductivity 1±0.05 
 Reaction 1 1±0.05 
 Reaction 2 1±0.05 
 Reaction 3 1±0.05 
 Reaction 4 1±0.05 
 Reaction 5 1±0.05 
 Initial Bulk density 1±0.02 
  phase change temperature 1±0.005 
 HMX melt temperature 1±0.005 
 Free gas volume 1±0.005 

 BDNPA/F initial mass fractiona – 
 Estaneâ initial mass fractionb – 

 Mass fraction of adsorbed water 1±0.10 
 BKWS covolume factor 1±0.05 

 Melt rate acceleration factor 1±0.05 
             a,bUncertainty range was calculated as a function of the binder migration   
               correlation, (1.63-0.00073×rbo)×0.025, by varying the initial bulk density  
               rbo within an uncertainty range multiplyier of 1±0.05. 
 
              
 
 
 
 
  

UβV

UCb
Ulatent, β -δ β −δ

Ulatent, melt

Ukhi
Uklo
Ur1
Ur2
Ur3
Ur4
Ur5
Uρbo

UT β -δ β −δ

UTmelt
UUllage
UωBDNPA/F

UωEstane

UH2Oa
U∑ xihi

Uζ
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    Table 7.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
    shot 1 The most correlated parameters are associated with the uncertainty multipyers 
    , , , and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.059 0.003 
 Bulk Specific Heat 1±0.05 0.127 0.016 

 Latent Enthalpy ( ) 1±0.05 -0.025 0.001 
 Latent Enthalpy (HMX melt) 1±0.05 -0.021 0.000 

 High temperature conductivity 1±0.05 -0.041 0.002 
 Low temperature conductivity 1±0.05 -0.049 0.002 
 Reaction 1 1±0.05 -0.038 0.001 
 Reaction 2 1±0.05 -0.239 0.057 
 Reaction 3 1±0.05 -0.046 0.002 
 Reaction 4 1±0.05 -0.094 0.009 
 Reaction 5 1±0.05 -0.202 0.041 
 Initial Bulk density 1±0.02 0.308 0.095 
  phase change 

temperature 
1±0.005 -0.068 0.005 

 HMX melt temperature 1±0.005 -0.109 0.012 
 Free gas volume 1±0.005 -0.027 0.001 

 BDNPA/F initial mass 
fractiona – 0.914 0.835 

 Estaneâ initial mass fractionb – -0.128 0.016 
 Mass fraction of adsorbed 

water 1±0.10 0.143 0.020 

 BKWS covolume factor 1±0.05 -0.121 0.015 
 Melt rate acceleration factor 1±0.05 -0.101 0.010 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 
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                      Figure 8. Thermal ignition from LHS study for LSAC shot 1 against the 
                      initial mass fraction of BDNPA/N.   

 
                      Figure 9. Thermal ignition from LHS study for LSAC shot 1 against the 
                      initial bulk density random variation considered in the binder migration 
                      correlation.   
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                     Figure 10. Thermal ignition from LHS study for LSAC shot 1 against the 
                     initial bulk density uncertainty multiplier.  

 
                   Figure 11. Upper and lower bounds, and mean from the LHS simulations of 
                   LSAC shot 1. Thermocople that measured ignition is also shown. 
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                    Figure 12. Simulations of 20 LHS samples using LSAC experiment shot 1. 

Figure 9 plots the thermal ignition time against the random initial bulk density produced by the  
uncertainty  multiplyer in the binder migration correlation. Note from Fig. 9 that as the initial bulk 
density in the binder migration correlation increases, the thermal ignition time also increases which 
is consistent with the sign of  the correlation coefficient of +0.914. Figure 10 shows the random 
variation of the thermal ignition time with respect to the uncertainty multiplier of the initial bulk 
density, . This plot shows no correlation for . Figure 11 shows a plot of the lowest 
ignition time, highest ignition time, and the LHS mean ignition time from the LHS 
simulations of LSAC shot 1. Note from Fig. 11 that the case when 34.7% of the BDNPA/F 
(initial ) binder reacts corresponds with the lower bound of the 
thermal ignition time. Also, Fig. 11 shows that the case when 24% of the BDNPA/F binder 
(initial ) reacts corresponds with the upper bound of the thermal 
ignition time. The mean of the LHS simulations for shot 1 corresponds with the case when 
28.5% of the BDNPA/F binder (initial ) reacts. Figure 12 shows the 
temperature results from the LHS simulations of LSAC experiment shot 1. The black curve 
represents the mean of the LHS simulations.  

The second LHS sampling study was done on the LSAC shot 2. Table 8 shows the 
results that include the Pearson’s correlation coefficient for the ignition time. The 
uncertainty in the initial mass fraction of the BDNPA/F had the highest correlation with a 
value of 0.917. This correlation is positive, which implies that the ignition time increases 
when the uncertainty multiplyer of the initial bulk density in the SITI binder correlation 
equation increases. Figure  13  plots  the  ignition  time  against  the  initial BDNPA/F  mass  
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    Table 8.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
    shot 2 The most correlated parameters are associated with the uncertainty multipyers 
    , , ,  and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.070 0.005 
 Bulk Specific Heat 1±0.05 0.134 0.018 

 Latent Enthalpy ( ) 1±0.05 -0.018 0.000 
 Latent Enthalpy (HMX melt) 1±0.05 -0.016 0.000 

 High temperature conductivity 1±0.05 -0.024 0.001 
 Low temperature conductivity 1±0.05 -0.013 0.000 
 Reaction 1 1±0.05 -0.044 0.002 
 Reaction 2 1±0.05 -0.230 0.053 
 Reaction 3 1±0.05 0.017 0.000 
 Reaction 4 1±0.05 -0.103 0.011 
 Reaction 5 1±0.05 -0.207 0.043 
 Initial Bulk density 1±0.02 0.250 0.062 
  phase change 

temperature 
1±0.005 0.026 0.001 

 HMX melt temperature 1±0.005 -0.130 0.017 
 Free gas volume 1±0.005 -0.011 0.000 

 BDNPA/F initial mass 
fractiona – 0.917 0.842 

 Estaneâ initial mass fractionb – -0.204 0.042 
 Mass fraction of adsorbed 

water 1±0.10 0.158 0.025 

 BKWS covolume factor 1±0.05 -0.111 0.012 
 Melt rate acceleration factor 1±0.05 -0.079 0.006 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 
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                   Figure 13. Thermal ignition from LHS study for LSAC shot 2 against the 
                   initial mass fraction of BDNPA/N.   

 
                    Figure 14. Thermal ignition from LHS study for LSAC shot 2 against the 
                    initial  bulk  density  random variation considered in the binder migration 
                    correlation.   
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                    Figure 15. Thermal ignition from LHS study for LSAC shot 2 against the 
                    initial bulk density uncertainty multiplier.  

 
                 Figure 16. Upper and lower bounds, and mean from the LHS simulations of 
                 LSAC shot 2. Thermocople that measured ignition is also shown. 
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                   Figure 17. Simulations of 20 LHS samples using LSAC experiment shot 2. 
 
fraction produced by the LHS simulations of LSAC shot 2. Figure 14 plots the thermal ignition 
time against the random initial bulk density produced by the  uncertainty  multiplyer in the binder 
migration correlation. Note from Fig. 14 that as the initial bulk density contained in the binder 
migration correlation increases, the thermal ignition time also increases which is consistent with 
the sign of  the correlation coefficient of +0.917. Figure 15 shows the random variation of the 
thermal ignition time with respect to the uncertainty multiplier of the initial bulk density, . 
This plot shows no correlation for . Figure 16 shows a plot of the lowest ignition time, 
highest ignition time, and the LHS mean ignition time from the LHS simulations of LSAC 
shot 2. Note from Fig. 16 that the case when 33.1% of the BDNPA/F (initial

) binder reacts corresponds with the lower bound of the thermal 
ignition time. Also, Fig. 16 shows that the case when 24% of the BDNPA/F binder (initial

) reacts corresponds with the upper bound of the thermal ignition 
time. The mean of the LHS simulations for shot 2 corresponds with the case when 28.5% 
of the BDNPA/F binder (initial ) reacts in Fig. 16. Figure 17 shows 
the temperature results from the LHS simulations of LSAC experiment shot 2. The black 
curve represents the mean of the LHS simulations.  

The third LHS sampling study was done on the LSAC shot 3. Table 9 shows the results 
that include the Pearson’s correlation coefficient for the ignition time. The uncertainty in 
the initial mass fraction of the BDNPA/F had the highest correlation with a value of 0.919. 
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    Table 9.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
    shot 3 The most correlated parameters are associated with the uncertainty multipyers 
    , , ,  and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.067 0.004 
 Bulk Specific Heat 1±0.05 0.133 0.018 

 Latent Enthalpy ( ) 1±0.05 -0.0157 0.000 
 Latent Enthalpy (HMX melt) 1±0.05 -0.0181 0.000 

 High temperature conductivity 1±0.05 -0.037 0.001 
 Low temperature conductivity 1±0.05 -0.021 0.000 
 Reaction 1 1±0.05 -0.041 0.002 
 Reaction 2 1±0.05 -0.225 0.051 
 Reaction 3 1±0.05 0.011 0.000 
 Reaction 4 1±0.05 -0.103 0.011 
 Reaction 5 1±0.05 -0.200 0.040 
 Initial Bulk density 1±0.02 0.257 0.066 
  phase change 

temperature 
1±0.005 0.022 0.000 

 HMX melt temperature 1±0.005 -0.128 0.016 
 Free gas volume 1±0.005 -0.0128 0.000 

 BDNPA/F initial mass 
fractiona – 0.919 0.845 

 Estaneâ initial mass fractionb – -0.191 0.036 
 Mass fraction of adsorbed 

water 1±0.10 0.150 0.022 

 BKWS covolume factor 1±0.05 -0.112 0.013 
 Melt rate acceleration factor 1±0.05 -0.085 0.007 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 
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                  Figure 18. Thermal ignition from LHS study for LSAC shot 3 against the 
                  initial mass fraction of BDNPA/N.   

 
                    Figure 19. Thermal ignition from LHS study for LSAC shot 3 against the 
                    initial  bulk  density  random variation considered in the binder migration 
                    correlation.   
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                  Figure 20. Thermal ignition from LHS study for LSAC shot 3 against the 
                 initial bulk density uncertainty multiplier.  

 
                  Figure 21. Upper and lower bounds, and mean from the LHS simulations of 
                  LSAC shot 3. Thermocople that measured ignition is also shown. 
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                  Figure 22. Simulations of 20 LHS samples using LSAC experiment shot 3. 
 
This correlation is positive, which implies that the ignition time increases when the uncertainty 
multiplyer of the initial bulk density in the SITI binder correlation equation increases. Figure  18  
plots  the  ignition  time  against  the  initial BDNPA/F  mass fraction produced by the LHS 
simulations of LSAC shot 3. Figure 19 plots the thermal ignition time against the random initial 
bulk density produced by the uncertainty multiplyer in the binder migration correlation. Note from 
Fig. 19 that as the initial bulk density contained in the binder migration correlation increases, the 
thermal ignition time also increases which is consistent with the sign of  the correlation coefficient 
of +0.919. Figure 20 shows the random variation of the thermal ignition time with respect to the 
uncertainty multiplier of the initial bulk density, . This plot shows no correlation for . 
Figure 21 shows a plot of the lowest ignition time, highest ignition time, and the LHS mean 
ignition time from the LHS simulations of LSAC shot 3. Note from Fig. 21 that the case 
when 34.7% of the BDNPA/F (initial ) binder reacts corresponds 
with the lower bound of the thermal ignition time. Also, Fig. 21 shows that the case when 
24% of the BDNPA/F binder (initial ) reacts corresponds with the 
upper bound of the thermal ignition time. The mean of the LHS simulations for shot 3 
corresponds with the case when 28.5% of the BDNPA/F binder (initial

) reacts in Fig. 21. Figure 22 shows the temperature results from the 
LHS simulations of LSAC experiment shot 3. The black curve represents the mean of the 
LHS simulations. 

The fourth LHS sampling study was done on the LSAC shot 5. Table 10 shows the 
results that include the Pearson’s correlation coefficient for the ignition time. The 
uncertainty in the initial mass fraction of the BDNPA/F had the highest correlation with a  
value of 0.915.  This correlation is positive, which implies that the ignition time increases when  
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  Table 10.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
  shot 5 The most correlated parameters are associated with the uncertainty multipyers 
    , , , , , and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.061 0.004 
 Bulk Specific Heat 1±0.05 0.129 0.017 

 Latent Enthalpy ( ) 1±0.05 -0.029 0.001 
 Latent Enthalpy (HMX melt) 1±0.05 -0.022 0.000 

 High temperature conductivity 1±0.05 -0.024 0.001 
 Low temperature conductivity 1±0.05 -0.050 0.002 
 Reaction 1 1±0.05 -0.040 0.002 
 Reaction 2 1±0.05 -0.238 0.060 
 Reaction 3 1±0.05 -0.040 0.002 
 Reaction 4 1±0.05 -0.091 0.008 
 Reaction 5 1±0.05 -0.207 0.043 
 Initial Bulk density 1±0.02 0.300 0.090 
  phase change 

temperature 
1±0.005 -0.051 0.003 

 HMX melt temperature 1±0.005 0.111 0.012 
 Free gas volume 1±0.005 -0.023 0.000 

 BDNPA/F initial mass 
fractiona – 0.915 0.838 

 Estaneâ initial mass fractionb – -0.129 0.017 
 Mass fraction of adsorbed 

water 1±0.10 0.143 0.021 

 BKWS covolume factor 1±0.05 -0.119 0.014 
 Melt rate acceleration factor 1±0.05 -0.100 0.010 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 

 
 

 

UωBDNPA/F Uρbo
Ur2 Ur5 UH2Oa UωEstane

UβV

UCb
Ulatent, β -δ β −δ

Ulatent, melt

Ukhi
Uklo
Ur1
Ur2
Ur3
Ur4
Ur5
Uρbo

UT β -δ β −δ

UTmelt
UUllage
UωBDNPA/F

UωEstane

UH2Oa

U∑ xihi

Uζ



28 

 
                  Figure 23. Thermal ignition from LHS study for LSAC shot 5 against the 
                  initial mass fraction of BDNPA/N.   

 
                  Figure 24. Thermal ignition from LHS study for LSAC shot 5 against the 
                  initial  bulk  density  random variation considered in the binder migration 
                  correlation.   
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                 Figure 25. Thermal ignition from LHS study for LSAC shot 5 against the 
                 initial bulk density uncertainty multiplier.  

 
                  Figure 26. Upper and lower bounds, and mean from the LHS simulations of 
                  LSAC shot 5. Thermocople that measured ignition is also shown. 
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                   Figure 27. Simulations of 20 LHS samples using LSAC experiment shot 5. 

 
the uncertainty multiplyer of the initial bulk density in the SITI binder correlation equation 
increases. Figure  23  plots  the  ignition  time  against  the  initial BDNPA/F  mass fraction 
produced by the LHS simulations of LSAC shot 5. Figure 24 plots the thermal ignition time against 
the random initial bulk density produced by the uncertainty multiplyer contained in the binder 
migration correlation. Note from Fig. 24 that as the initial bulk density contained in the binder 
migration correlation increases, the thermal ignition time also increases which is consistent with 
the sign of  the correlation coefficient of +0.919. Figure 25 shows the random variation of the 
thermal ignition time with respect to the uncertainty multiplier of the initial bulk density, . 
This plot shows no correlation for . Figure 26 shows a plot of the lowest ignition time, 
highest ignition time, and the LHS mean ignition time from the LHS simulations of LSAC shot 5. 
Note from Fig. 26 that the case when 34.7% of the BDNPA/F (initial ) 
binder reacts corresponds with the lower bound of the thermal ignition time. Also, Fig. 21 shows 
that the case when 25.9% of the BDNPA/F binder (initial ) reacts 
corresponds with the upper bound of the thermal ignition time. The mean of the LHS simulations 
for shot 5 corresponds with the case when 28.5% of the BDNPA/F binder (initial

) reacts in Fig. 21. Figure 27 shows the temperature results from the LHS 
simulations of LSAC experiment shot 5. The black curve represents the mean of the LHS 
simulations. 

The fifth LHS sampling study was done on the LSAC shot 6. Table 11 shows the results 
that include the Pearson’s correlation coefficient for the ignition time. The uncertainty in 
the initial mass fraction of the BDNPA/F had the highest correlation with a value of 0.912. 
This correlation is positive, which implies that the ignition time increases when the uncertainty 
multiplyer  of  the initial bulk density in the SITI binder correlation equation increases. Figure  28  

Outer liner

Inner liner

Predicted temperature at PBX 9501 annulus center

LSAC shot 5

Measured temperature at PBX 9501
annulus center ignition

Time, s

Te
m
pe
ra
tu
re
,K

0 10000 20000 30000

300

350

400

450

500

550

Uρbo

Uρbo

ωBDNPA/F = 0.0086807

ωBDNPA/F = 006473

ωBDNPA/F = 0.007128



31 

 
 

  Table 11.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
  shot 6. The most correlated parameters are associated with the uncertainty multipyers 
    , , , , , and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.060 0.004 
 Bulk Specific Heat 1±0.05 0.130 0.017 

 Latent Enthalpy ( ) 1±0.05 -0.022 0.000 
 Latent Enthalpy (HMX melt) 1±0.05 -0.019 0.000 

 High temperature conductivity 1±0.05 -0.037 0.001 
 Low temperature conductivity 1±0.05 -0.052 0.003 
 Reaction 1 1±0.05 -0.038 0.001 
 Reaction 2 1±0.05 -0.235 0.055 
 Reaction 3 1±0.05 -0.045 0.002 
 Reaction 4 1±0.05 -0.092 0.008 
 Reaction 5 1±0.05 -0.218 0.047 
 Initial Bulk density 1±0.02 0.303 0.092 
  phase change 

temperature 
1±0.005 -0.069 0.005 

 HMX melt temperature 1±0.005 -0.106 0.011 
 Free gas volume 1±0.005 -0.030 0.001 

 BDNPA/F initial mass 
fractiona – 0.912 0.833 

 Estaneâ initial mass fractionb – -0.130 0.017 
 Mass fraction of adsorbed 

water 1±0.10 0.141 0.020 

 BKWS covolume factor 1±0.05 -0.121 0.015 
 Melt rate acceleration factor 1±0.05 -0.101 0.010 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 
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                  Figure 28. Thermal ignition from LHS study for LSAC shot 6 against the 
                  initial mass fraction of BDNPA/N.   

 
                  Figure 29. Thermal ignition from LHS study for LSAC shot 6 against the 
                  initial  bulk  density  random variation considered in the binder migration 
                  correlation.   
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                 Figure 30. Thermal ignition from LHS study for LSAC shot 6 against the 
                 Initial bulk density uncertainty multiplier.  

 

 
                  Figure 31. Upper and lower bounds, and mean from the LHS simulations of 
                  LSAC shot 6. Thermocople that measured ignition is also shown. 
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                    Figure 32. Simulations of 20 LHS samples using LSAC experiment shot 6. 

 
plots  the  ignition  time  against  the  initial BDNPA/F  mass fraction produced by the LHS 
simulations of LSAC shot 6. Figure 29 plots the thermal ignition time against the random initial 
bulk density produced by the uncertainty multiplyer contained in the binder migration correlation. 
Note from Fig. 29 that as the initial bulk density contained in the binder migration correlation 
increases, the thermal ignition time also increases which is consistent with the sign of  the 
correlation coefficient of +0.912. Figure 30 shows the random variation of the thermal ignition 
time with respect to the uncertainty multiplier of the initial bulk density, . This plot shows 
no correlation for . Figure 31 shows a plot of the lowest ignition time, highest ignition time, 
and the LHS mean ignition time from the LHS simulations of LSAC shot 6. Note from Fig. 31 that 
the case when 34.7% of the BDNPA/F (initial ) binder reacts 
corresponds with the lower bound of the thermal ignition time. Also, Fig. 31 shows that the case 
when 25.9% of the BDNPA/F binder (initial ) reacts corresponds with the 
upper bound of the thermal ignition time. The mean of the LHS simulations for shot 6 corresponds 
with the case when 28.5% of the BDNPA/F binder (initial ) reacts in Fig. 
31. Figure 32 shows the temperature results from the LHS simulations of LSAC experiment shot 
6. The black curve represents the mean of the LHS simulations. 

The sixth LHS sampling study was done on the LSAC shot 7. Table 12 shows the results 
that include the Pearson’s correlation coefficient for the ignition time. The uncertainty in 
the initial mass fraction of the BDNPA/F had the highest correlation with a value of 0.911. 
This correlation is positive, which implies that the ignition time increases when the uncertainty 
multiplyer  of  the initial bulk density in the SITI binder correlation equation increases. Figure  33 
plots  the  ignition  time  against  the  initial BDNPA/F  mass fraction produced by the LHS 
simulations  of  LSAC  shot 7. Figure 34 plots the thermal ignition time against the random initial  
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  Table 12.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
  shot 7. The most correlated parameters are associated with the uncertainty multipyers 
    , , , , , and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.078 0.006 
 Bulk Specific Heat 1±0.05 0.131 0.017 

 Latent Enthalpy ( ) 1±0.05 0.011 0.000 
 Latent Enthalpy (HMX melt) 1±0.05 -0.008 0.000 

 High temperature conductivity 1±0.05 -0.070 0.005 
 Low temperature conductivity 1±0.05 0.006 0.000 
 Reaction 1 1±0.05 -0.043 0.002 
 Reaction 2 1±0.05 -0.235 0.056 
 Reaction 3 1±0.05 0.027 0.001 
 Reaction 4 1±0.05 -0.115 0.013 
 Reaction 5 1±0.05 -0.195 0.038 
 Initial Bulk density 1±0.02 0.239 0.057 
  phase change 

temperature 
1±0.005 0.018 0.000 

 HMX melt temperature 1±0.005 -0.111 0.012 
 Free gas volume 1±0.005 -0.023 0.000 

 BDNPA/F initial mass 
fractiona – 0.911 0.830 

 Estaneâ initial mass fractionb – -0.255 0.065 
 Mass fraction of adsorbed 

water 1±0.10 0.150 0.023 

 BKWS covolume factor 1±0.05 -0.116 0.013 
 Melt rate acceleration factor 1±0.05 -0.068 0.005 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 
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                  Figure 33. Thermal ignition from LHS study for LSAC shot 7 against the 
                  initial mass fraction of BDNPA/N.  

 

 
Figure 34. Thermal ignition from LHS study for LSAC shot 7 against the 

                   initial  bulk  density  random variation considered in the binder migration 
                   correlation.   
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                  Figure 35. Thermal ignition from LHS study for LSAC shot 7 against the 
                  Initial bulk density uncertainty multiplier.  

 

 
                  Figure 36. Upper and lower bounds, and mean from the LHS simulations of 
                  LSAC shot 7. Thermocople that measured ignition is also shown. 

 

0.980 0.990 1.000 1.010 1.0200.985 0.995 1.005 1.015

Urbo

28000

29000

30000

31000

32000

28500

29500

30500

31500

Th
er

m
al

 Ig
ni

tio
n 

Ti
m

e,
 s

       r = 0.239
 no correlation

0 10000 20000 300005000 15000 25000

Time, s

250

300

350

400

450

500

550

275

325

375

425

475

525

Te
m

pe
ra

tu
e,

 K

Mean from LHS. 28.5% of BDNPA/F binder reacts.
31.9% of BDNPA/F binder reacts.
25.9% of BDNPA/F binder reacts.
Experimental data.

LSAC shot 7



38 

 
                   Figure 37. Simulations of 20 LHS samples using LSAC experiment shot 7. 

 
bulk density produced by the uncertainty multiplyer contained in the binder migration correlation. 
Note from Fig. 34 that as the initial bulk density contained in the binder migration correlation 
increases, the thermal ignition time also increases which is consistent with the sign of  the 
correlation coefficient of +0.911. Figure 35 shows the random variation of the thermal ignition 
time with respect to the uncertainty multiplier of the initial bulk density, . This plot shows 
no correlation for .  Figure 36 shows a plot of the lowest ignition time, highest ignition time, 
and the LHS mean ignition time from the LHS simulations of LSAC shot 7. Note from Fig. 36 that 
the case when 31.9% of the BDNPA/F (initial ) binder reacts 
corresponds with the lower bound of the thermal ignition time. Also, Fig. 36 shows that the case 
when 25.9% of the BDNPA/F binder (initial ) reacts corresponds with 
the upper bound of the thermal ignition time. The mean of the LHS simulations for shot 7 
corresponds with the case when 28.5% of the BDNPA/F binder (initial ) 
reacts in Fig. 36. Figure 37 shows the temperature results from the LHS simulations of LSAC 
experiment shot 7. The black curve represents the mean of the LHS simulations. 

The seventh LHS sampling study was done on the LSAC shot 8. Table 13 shows the 
results that include the Pearson’s correlation coefficient for the ignition time. The 
uncertainty in the initial mass fraction of the BDNPA/F had the highest correlation with a 
value of 0.915. This correlation is positive, which implies that the ignition time increases when 
the uncertainty multiplyer  of  the initial bulk density in the SITI binder correlation equation 
increases. Figure  38 plots  the  ignition  time  against  the  initial BDNPA/F  mass fraction produced 
by the LHS simulations  of  LSAC  shot 8. Figure 39 plots the thermal ignition time against the 
random initial bulk density produced by the uncertainty multiplyer contained in the binder 
migration  correlation.  Note  from  Fig.  39  that  as  the  initial bulk density contained in the binder  
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  Table 13.  Uncertainty  multipliers  and  correlation coefficients for LSAC experiment  
   shot 8. The most correlated parameters are associated with the uncertainty multipyers 
   ,  , , , , and . 

Symbol Name Uncertainty 
Multyplier 

rc r2 

 Volumetric expansion 1±0.03 -0.083 0.007 
 Bulk Specific Heat 1±0.05 0.134 0.018 

 Latent Enthalpy ( ) 1±0.05 -0.004 0.000 
 Latent Enthalpy (HMX melt) 1±0.05 -0.020 0.000 

 High temperature conductivity 1±0.05 -0.040 0.002 
 Low temperature conductivity 1±0.05 -0.029 0.001 
 Reaction 1 1±0.05 -0.051 0.003 
 Reaction 2 1±0.05 -0.242 0.059 
 Reaction 3 1±0.05 0.013 0.000 
 Reaction 4 1±0.05 -0.112 0.012 
 Reaction 5 1±0.05 -0.166 0.028 
 Initial Bulk density 1±0.02 0.259 0.067 
  phase change 

temperature 
1±0.005 0.011 0.000 

 HMX melt temperature 1±0.005 -0.125 0.015 
 Free gas volume 1±0.005 -0.003 0.000 

 BDNPA/F initial mass 
fractiona – 0.915 0.838 

 Estaneâ initial mass fractionb – -0.241 0.058 
 Mass fraction of adsorbed 

water 1±0.10 0.146 0.021 

 BKWS covolume factor 1±0.05 -0.105 0.011 
 Melt rate acceleration factor 1±0.05 -0.085 0.007 

       a,bUncertainty range was calculated as a function of the binder migration   
       correlation, (1.63-0.00073×rbo)×0.025, by  varying  the initial bulk density  
       rbo within an uncertainty random multiplyier of 1±0.05. 
       cThis is Pearson’s correlation coefficient. 
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                  Figure 38. Thermal ignition from LHS study for LSAC shot 8 against the 
                  initial mass fraction of BDNPA/N.  

 
                 Figure 39. Thermal ignition from LHS study for LSAC shot 8 against the 
                 initial  bulk  density  random variation considered in the binder migration 
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                 correlation.   
 

 
                    Figure 40. Thermal ignition from LHS study for LSAC shot 8 against the 
                    Initial bulk density uncertainty multiplier.  

 
                  Figure 41. Upper and lower bounds, and mean from the LHS simulations of 
                  LSAC shot 8. Thermocople that measured ignition is also shown. 
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                  Figure 42. Simulations of 20 LHS samples using LSAC experiment shot 8. 

 
migration correlation increases, the thermal ignition time also increases which is consistent with 
the sign of  the correlation coefficient of +0.915. Figure 40 shows the random variation of the 
thermal ignition time with respect to the uncertainty multiplier of the initial bulk density, . 

This plot shows no correlation for .  Figure 41 shows a plot of the lowest ignition time, highest 
ignition time, and the LHS mean ignition time from the LHS simulations of LSAC shot 8. Note 
from Fig. 41 that the case when 34.7% of the BDNPA/F (initial ) binder 
reacts corresponds with the lower bound of the thermal ignition time. Also, Fig. 41 shows that the 
case when 24.0% of the BDNPA/F binder (initial ) reacts corresponds 
with the upper bound of the thermal ignition time. The mean of the LHS simulations for shot 8 
corresponds with the case when 28.5% of the BDNPA/F binder (initial ) 
reacts in Fig. 41. Figure 42 shows the temperature results from the LHS simulations of LSAC 
experiment shot 8. The black curve represents the mean of the LHS simulations. 

Conclusions and Comments 
The mean of the of the thermal ignition time produced by the 20 LHS simulations done for the 

each LSAC experiment is given in Table 14. This table shows measured and calculated averages 
of the time-to-ignition as well as the percent error for shots 1, 2, 3, 5, 6, 7, and 8. The range of 
errors is from -13.6% to +26% with an average error of 6%. The root mean squared deviation 
(RMSD) is 4367 s and the percent normalized RMSD is 17%. Equations (23) to (25) show how 
the Error in Table 5, the RMSD, and the normalized RMSD were calculated where tc, tm, and n are 
the calculated averages of the ignition times, measured ignition times, and number of experiments 
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respectively. Figure 43 shows the measured ignition time plotted against the LHS averages of the 
thermal ignition time with a linear correlation coefficient of 0.82.   

                                                                                                           (23) 

                                                                                                             (24) 

                                                                                             (25) 

      
           Table 14. Measured ignition times and LHS averages of the predicted ignition times 
           for the LSAC experiments.    

    LSAC    
     shot # 1 2 3 5 6 7 8 
Measured 

 Ignition  

   Time, s 
25081 45535 37689 26205 20515 27090 29865 

     LHS 
Average, s 25397 39340 32901 30370 25850 30066 34041 

Error, % -1.2 -13.6 -12.7 15.9 26.0 11.0 14.0 

 
                           Figure 43. Measured ignition time against the LHS averages of the  
                           thermal ignition time with a linear correlation coefficient of 0.82. 
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 The uncertainty in the initial mass fraction of the BDNPA/F was the most correlated 
parameter for all the LSAC experiments. There was no correlation for the rest of the 
parameters. Table 15 list the Pearson’s correlation coefficients for initial mass fraction of 
the BDNPA/F. 
                             Table 15. Most correlated parameters obtained from the LHS  
                             simulations of the LSAC experiments. 

shot # Symbol  Correlation Coefficient, r  

1   0.914 

2   0.917 

3   0.919 

5   0.915 

6   0.912 

7   0.911 

8   0.915 
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